Escherichia coli RecA is the defining member of a ubiquitous class of DNA strand-exchange proteins that are essential for homologous recombination, a pathway that maintains genomic integrity by repairing broken DNA 1 . To function, filaments of RecA must nucleate and grow on single-stranded DNA (ssDNA) in direct competition with ssDNA-binding protein (SSB), which rapidly binds and continuously sequesters ssDNA, kinetically blocking RecA assembly 2,3 . This dynamic self-assembly on a DNA lattice, in competition with another protein, is unique for the RecA family compared to other filament-forming proteins such as actin and tubulin. The complexity of this process has hindered our understanding of RecA filament assembly because ensemble measurements cannot reliably distinguish between the nucleation and growth phases, despite extensive and diverse attempts 2-5 . Previous single-molecule assays have measured the nucleation and growth of RecA-and its eukaryotic homologue RAD51-on naked doublestranded DNA and ssDNA 6-12 ; however, the template for RecA selfassembly in vivo is SSB-coated ssDNA 3 . Using single-molecule microscopy, here we directly visualize RecA filament assembly on single molecules of SSB-coated ssDNA, simultaneously measuring nucleation and growth. We establish that a dimer of RecA is required for nucleation, followed by growth of the filament through monomer addition, consistent with the finding that nucleation, but not growth, is modulated by nucleotide and magnesium ion cofactors. Filament growth is bidirectional, albeit faster in the 59R39 direction. Both nucleation and growth are repressed at physiological conditions, highlighting the essential role of recombination mediators in potentiating assembly in vivo. We define a two-step kinetic mechanism in which RecA nucleates on transiently exposed ssDNA during SSB sliding and/or partial dissociation (DNA unwrapping) and then the RecA filament grows. We further
demonstrate that the recombination mediator protein pair, RecOR (RecO and RecR), accelerates both RecA nucleation and filament growth, and that the introduction of RecF further stimulates RecA nucleation.
To image the assembly of RecA filaments on SSB-coated ssDNA, we first developed a procedure to generate and visualize single molecules of ssDNA. Bacteriophage l double-stranded DNA (dsDNA) 48.5 kilobase pairs (kb) long was biotinylated at the 39 ends, alkali denatured, neutralized with buffer and saturated with a fluorescently modified SSB (SSB AF488 ). This complex was then attached to the surface of a streptavidin-coated glass coverslip within a microfluidic chamber, extended by buffer flow, and visualized using total internal reflection fluorescence (TIRF) microscopy ( Fig. 1a, b , top panels). Because the binding affinity of SSB AF488 is attenuated 13, 14 , we next replaced it with unlabelled wild-type SSB in situ ( Fig. 1a, b , second panels, and Supplementary Video 1). The exchange of proteins in the flow cell is fast, with a half-time of approximately 2-3 s, resulting in a nonfluorescent native SSB-ssDNA complex. RecA filament assembly on the wild-type SSB-ssDNA complexes was then imaged using a fluorescent RecA protein, fluorescein-RecA (RecA f ), described previously 7 . Assembly was initiated by injecting RecA f , free SSB, and either ATP (plus an ATP regenerating system) or the non-hydrolysable ATP analogue, ATPcS. RecA filament formation occurred slowly ( Fig. 1a, b , third and subsequent panels), first appearing as a single spot (referred to as a cluster herein). Molecules were imaged intermittently over the course of 1-2 h; when the molecules were not being imaged, both the laser excitation and flow were turned off to minimize photobleaching, reduce sample volumes, and allow filament assembly to proceed on SSBcoated ssDNA in its relaxed state. With time, the nascent clusters elongated and new clusters appeared; these mixed nucleoprotein complexes comprised relatively stiff, rod-like RecA filament clusters interspersed between compacted and flexible SSB-coated ssDNA 15 . The composition of these intermediates was confirmed using atomic force microscopy ( Supplementary Fig. 1 ). At the flow rate used, the SSB-ssDNA complexes are compacted to approximately 15% of the corresponding length *These authors contributed equally to this work. 1 of B-form dsDNA ( Fig. 1a , b, top panels); by contrast, RecA-ssDNA filaments are extended to about 160% of dsDNA length 14 .
The number of RecA clusters bound to individual SSB-ssDNA complexes was determined by comparing images of each molecule with its fluorescence intensity profile (Fig. 1a , c and Supplementary  Fig. 2 ). The number of clusters formed increased linearly with time ( Fig. 1d ), allowing for direct measurement of the RecA nucleation rate, expressed as the number of clusters formed per minute per 10,000 nucleotides. When the concentration of RecA was increased, the rate of nucleation became faster, exhibiting a nonlinear dependence with respect to RecA concentration (Fig. 1e ). The data were fit to the relationship J 5 k[RecA] n , in which J is the frequency of nucleation, k is a rate constant, and n is the number of protomers in a critical nucleus 7, 16 .
In the presence of ATP or ATPcS, the rate of nucleation of RecA on SSB-ssDNA exhibited a power dependence, in which n is 2.2 6 0.6 (6 s.e.m.) or 1.5 6 0.1, respectively ( Fig. 1e ). Because the nucleotidebinding site of a RecA nucleoprotein filament lies in a binding pocket between monomers 17 , our conclusion is consistent with the expectation that a dimer would be the minimal oligomeric species that could form a stable nucleus on ssDNA.
The sizes of individual RecA filaments grew with time ( Fig. 2a ), and the lengths of well-resolved individual clusters were plotted as a function of time and analysed by linear regression to determine their growth rate from the slope (Fig. 2b ). Increasing RecA concentration resulted in a net increase in the growth rate as well as the distribution of rates, which varied from 10 to 100 nm min 21 (Fig. 2c) ; given that the RecA-ssDNA filament comprises approximately 6 monomers per 10 nm, these rates correspond to about 6 to 60 monomers min 21 . The net growth rate increased linearly with respect to the RecA concentration, with a slope of 1.8 (61.0) 3 10 6 M 21 s 21 in the presence of ATPcS, and 0.8 (60.1) 3 10 6 M 21 s 21 in the presence of ATP (Fig. 2d ). This rate measures the bimolecular rate of association of RecA for the ends of a filament, and is about 10-100 times slower than the theoretical diffusion-controlled limit 18 . This linear concentration dependence indicates that filaments grow primarily through monomer addition, in agreement with previous observations 8 . Although the variation in growth rates for different filaments was large, as is evident in their broad distribution ( Fig. 2c, d) , the measurement error for the growth rate of any individual filament was low (Supplementary Table 1 ). The nature of this broad distribution is discussed later as a salient property of RecA filament growth.
A further measure of filament nucleation is the time at which filaments begin to grow (that is, the lag times), which are evident in the individual growth trajectories 16 . The lag time for each growing cluster is an extrapolation to a real time of nucleation that is not limited by our detection system, and was determined from the x axis intercept of the linear regression for each filament analysed ( Fig. 2b ). Analysis of these lag times demonstrates that nucleation is slow and stochastic at low RecA concentrations and becomes markedly shorter at high concentrations ( Fig. 2e ), following an inverse power dependence in which n 5 1.9 6 0.3 (Fig. 2f ). This independent method of analysis further confirms our conclusion that RecA filaments nucleate as a dimer ( Fig. 1d, e ). This is in contrast to previous observations that RecA requires a larger critical nucleus of 3-5 monomers to assemble on dsDNA 7, 9 , possibly owing to its lower affinity for dsDNA. Nucleation of RecA filaments on dsDNA is strongly inhibited in the presence of salt 2 . Our observation that neither the nucleation nor growth rate of RecA filament assembly is altered over the range of salt concentration tested (50-200 mM NaCl) is also consistent with the interpretation that RecA nucleation on SSB-ssDNA requires a smaller critical nucleus owing to a higher affinity of RecA for ssDNA ( Supplementary Fig. 3 ).
Previous single-molecule experiments monitoring RecA filament growth on dsDNA and ssDNA demonstrated that RecA filaments could grow in both directions 7, 8 . We sought to determine whether this would be the case in the presence of SSB, and whether growth was symmetric or asymmetric (that is, whether there was a preferred directionality) 19 . We compared the growth of RecA clusters close to the point of attachment (that is, within ,0.5 to 1 mm of the 39 biotinylated end of the ssDNA tethered to the surface) relative to a cluster located on the same ssDNA molecule, but at an internal site. We rationalized that filaments growing from the tethered end could grow only in the 39R59 direction owing to it being attached to the surface at the 39 end of the ssDNA, whereas filaments forming elsewhere on the molecule would be free to grow in both directions. Therefore, if both ends were available for elongation, clusters growing at internal regions should grow faster than the clusters forming at the tethered end of the molecule. Indeed, the cluster growth rates measured at internal sites (k i ) were faster than cluster growth rates measured near the ssDNA end (k e ), which are limited to growth in the 39R59 direction ( Fig. 3a ). This is evident in the dot plot in Fig. 3a where most of the data points fall above the lowermost dashed line representing hypothetical unidirectional growth in the 39R59 direction (k i 5 k e ). The uppermost dashed line represents the hypothetical scenario where filament growth is bidirectional and each end grows at the same rate (k i 5 2k e ). The distribution of these relative rates is not affected by the concentration of RecA ( Fig. 3a ). Although this analysis provides good evidence that RecA filament growth on SSB-coated ssDNA is bidirectional (that is, almost all of the growth rates for internal clusters are greater than for those at an end), alone, it is insufficient to establish whether one direction grows faster than the other.
We therefore sought to measure the growth rates unambiguously at each end of a filament by direct single-molecule visualization. We first formed discrete clusters of Cy3-conjugated RecA (RecA Cy3 ) (red) on SSB-ssDNA. The solution was then exchanged, replacing RecA Cy3 (red) with RecA f (green) (Fig. 3b ). Growth of RecA f from the preformed, internal RecA Cy3 clusters was directly imaged and measured ( Fig. 3c) ; growth from the left side of the RecA Cy3 clusters is in the 59R39 direction, and growth from the right side of the clusters is in the 39R59 direction. Filament growth from the red RecA Cy3 , through addition of the green RecA f , is seen to start in the leftward direction proceeding with an apparent preference for the 59R39 direction (that is, towards the tethered end). The mean growth rate in the 59R39 a, b, Lengths for RecA clusters were measured (a) and analysed (b, same colours as in a, plus additional data) to determine the growth rate (slope) and lag time (x axis intercept) (100 nM RecA and ATPcS); same molecule and approximate scale as in Fig. 1a . The right-most cluster marked by the red line at 35 min is 2 mm; see also Supplementary Fig. 2a 
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direction is 44 6 11 nm min 21 , whereas the growth rate in the 39R59 direction is 27 6 12 nm min 21 (Fig. 3d ). Although our observations demonstrate that bidirectional growth on SSB-ssDNA is possible, it should not be considered obligatory during RecA filament assembly. The broad distribution of growth rates in our analysis ( Fig. 2c, d ), the analysis of growth rates of internal clusters relative to end clusters (Fig. 3a) , and the direct visualization of bidirectional growth ( Fig. 3c ) suggest that filament growth proceeds through stochastic phases of unidirectional growth from either end, as well as bidirectional growth from both ends. Nucleation of the RecA filament on SSB-ssDNA requires formation of a RecA dimer (Figs 1e and 2f ), the interface of which is the binding site for the magnesium-bound nucleotide cofactor 17 . Therefore, we tested whether these cofactors might affect nucleation and growth. Increasing the concentration of magnesium acetate (Mg(OAc) 2 ) stimulated nucleation, with a plateau occurring at concentrations equal to or greater than the ATPcS concentration ( Fig. 4a ), consistent with the need for this metal ion as a component of the nucleating species; by contrast, the rate of filament growth was unaffected by divalent ion concentration (Fig. 4b ). RecA binds to ssDNA with a higher affinity in the presence of ATPcS or dATP compared with ATP 20, 21 . ATPcS is a non-hydrolysable analogue of ATP, whereas dATP is hydrolysed about 30% faster than ATP 20 ; thus, a comparison of the assembly kinetics in the presence of these nucleotides experimentally uncouples hydrolysis from binding in these steps. In the presence of ATPcS and dATP, nucleation is approximately tenfold and fivefold faster, respectively, relative to assembly with ATP ( Fig. 4c) , showing that stabilization is not correlated with the absence of hydrolysis; by contrast, the rate of filament growth is only modestly affected (not a statistically significant difference) by the nucleotide cofactor ( Fig. 4d) . Therefore, the stabilization of nascent nuclei by ATPcS and dATP can be attributed to the nucleotide binding-linked induction of a conformation with high affinity for ssDNA, consistent with the interpretation that nucleotide binding is important for filament assembly to the extent that it serves as a conformational modulator of RecA affinity for ssDNA that defines the stability of the critical nucleus 2,21 . Because the Mg 21 -ATP cofactor binds between adjacent RecA monomers in the filament 17 , our conclusions are consistent with the simplest expectations that nucleation of a filament should require minimally two monomers. Our observation that growth is affected by neither Mg(OAc) 2 nor nucleotide cofactor-but is linearly dependent on RecA concentration-is consistent with the simplest interpretation that RecA monomers add to the ends of a filament, but require a conformational change that is slower than nucleotide binding.
Unexpectedly, we observed that the assembly of RecA on SSB-ssDNA at the approximately physiological pH of 7.5 was very slow; however, it was strongly stimulated by reducing the pH to 6.5, conditions in which RecA is predominantly a dimer 22 . Increasing the pH to 8.0 resulted in a marked monotonic inhibition of both nucleation (Fig. 4e ) and growth ( Fig. 4f ), suggesting that the overall rates, but not the mechanism, are altered in a pH-dependent manner. The intracellular pH of E. coli is highly regulated and maintained in the range of 7.5 to 8.0, where the rate of uncatalysed nucleation, seemingly paradoxically, would be very low (Fig. 4e) . These findings show that, at physiological conditions, neither nucleation nor growth of RecA 
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filaments on SSB-coated ssDNA occurs at its observed maximal rate. This finding, in turn, would suggest that in vivo cellular mediator proteins could promote RecA filament assembly on SSB-coated ssDNA by accelerating either of these steps. In E. coli, RecF, RecO and RecR are genetically and biochemically defined mediator proteins 23, 24 . Stimulation of assembly is by means of the RecOR complex, which interacts with SSB to mediate assembly onto SSB-coated ssDNA in a structure-independent manner, and the RecFOR complex (RecOR and RecF), which acts at a junction of ssDNA with dsDNA [23] [24] [25] . The addition of RecO (or RecOR) in our TIRF-based assay invariably resulted in the adsorption of SSB-coated ssDNA to the glass surface. To circumvent this problem and to determine the mechanism by which these mediator proteins act, we switched to epifluorescent detection and optical trapping 7, 12, 26 , which moves the DNA molecule away from the glass surface. To create a suitable DNA substrate with an ssDNA gap, we designed a derivative of bacteriophage lgt11 containing a wC31 attP recognition site and modified a derivative of bacteriophage M13mp7 ssDNA to contain the attB recognition site when annealed to a PCR-based segment of ssDNA. Integration of the ssDNA into the biotinylated l DNA resulted in a dsDNA substrate containing an ssDNA gap of 8,155 nucleotides that was flanked by dsDNA 'handles' at both ends ( Supplementary Fig. 6 ). Using a microfluidic flow cell coupled to a fluorescence microscope and a split-beam dual optical trap 26 , two streptavidin-coated polystyrene beads were isolated and a single molecule of gapped DNA, biotinylated at each end, was tethered between the beads in situ ( Fig. 4g and Supplementary  Fig. 4 ). The molecule was rotated perpendicular to the flow and successively dipped in a reaction channel containing RecA f and Mg 21 -ATPcS at 37 uC (ref. 7) (Fig. 4g, bottom) . With time, RecA f filaments nucleated on the SSB-coated ssDNA segment and grew at rates quantitatively consistent with our TIRF-based measurements, albeit faster owing to the increased temperature and RecA concentration ( Fig. 4g and Supplementary Video 2). With RecOR present, nucleation remained stochastic, but the mean rate of nucleation increased (that is, lag times decreased), the distribution shifted to faster rates, and some nucleation events were even faster than those seen for RecA alone; these nucleation characteristics were further enhanced by the addition of RecF (Fig. 4h ). RecOR also accelerated RecA filament growth; however, addition of RecF had no further effect on the rate of filament growth (Fig. 4i) .
We have demonstrated that RecA filament nucleation on SSBcoated ssDNA is a slow and stochastic kinetic process requiring a RecA dimer. Under physiological conditions, nascent RecA filaments grow at a rate of approximately 50-500 nm min 21 (,30-300 monomers min 21 or 0.5 to 5 monomer s 21 ) ( Fig. 4i ), in good agreement with previous work 2, 4 . The bimolecular rate of association is rapid, but it is below the theoretical diffusion-controlled limit, suggesting that filament growth proceeds through monomer addition 8 followed by a required conformational change at the end of the filament. We have further demonstrated that growth of RecA clusters on SSB-ssDNA complexes is bidirectional, with net growth occurring preferentially in the 59R39 direction. In light of these results, we define a simultaneous two-step kinetic model for nucleation of a RecA filament on SSB-coated ssDNA (Fig. 4j) . In vivo, SSB binds rapidly to ssDNA, wrapping ,60-70 nucleotides of ssDNA per tetramer. Once bound, ssDNA binding proteins can slide on ssDNA 27 , with SSB sliding at ,260 nucleotides 2 s 21 in approximately three nucleotide steps 28 . Likewise, ssDNA can locally unwrap from a subunit of the tetramer on a microsecond timescale 29 . This transient, limited unwrapping of ssDNA from an SSB tetramer could create a site available for RecA binding; however, larger ssDNA segments could be rapidly rebound by another SSB tetramer 29 . Given that a RecA monomer requires three nucleotides of ssDNA for binding 28 , nucleation of a RecA dimer would require the sliding of two adjacent tetramers away from each other on a nearly saturated ssDNA lattice, or the partial, transient release of at least six nucleotides of ssDNA. Kinetic trapping of these transient states by RecA protomers is consistent with the slower kinetics of nucleation (requiring dimers) relative to growth (occurring with monomers). RecO binds to both SSB and RecR; however, RecO and/ or RecR do not displace SSB from ssDNA 30 . Instead RecOR interacts with SSB to facilitate RecA filament assembly 23 . We propose that RecOR traps the transient states in which ssDNA is released by SSB during either sliding or unwrapping, effectively weakening the SSB-ssDNA interaction through stoichiometric interactions with SSB. Consequently, RecOR binding to SSB-ssDNA also enhances RecA filament growth. Here we establish that recombination mediators can differentially facilitate the rate-limiting step of nucleation, enhance filament growth, or enhance both nucleation and growth. We anticipate that the conclusions and technical approach presented here will be particularly useful, and in some cases maybe even essential, for future experiments designed to further determine the mechanism by which filament assembly of RecA orthologues, such as mammalian RAD51, is regulated by the analogues, such as the tumour-suppressor, BRCA2, and the RAD51 paralogues, which play important but poorly understood functions in the early steps of recombination-mediated DNA repair.
METHODS SUMMARY
For TIRF, all protein-containing reagents were diluted into single molecule buffer (SMB) (20 mM MES, pH 6.5, 50 mM dithiothreitol (DTT), 100 mM NaCl and 20% sucrose). Bacteriophage l genomic DNA (48.5 kb) was biotinylated by incorporating biotin-dGTP at the 39 ends using T4 polymerase (16 uC, New England Biolabs Buffer 2, 10 min). Before each experiment, the DNA (200 fmols, molecules) was denatured in 5-10 ml of 0.5 M NaOH at 37 uC for 5-10 min. Addition of 0.4 ml SMB containing 200 nM SSB AF488 (approximately sixfold excess over stoichiometric binding sites) neutralized the reaction and also coated the ssDNA. The SSB AF488 -ssDNA complexes were injected into a flow cell and incubated for ,5 min to tether to the surface and then imaged using TIRF microscopy. After recording the length and position of each molecule, SSB AF488 was replaced with unlabelled, wild-type SSB (500 nM SSB in SMB). RecA filament assembly was initiated by injecting SMB containing 4 mM Mg(OAc) 2 , 2 mM ATPcS (unless ATP or dATP indicated), 200 nM SSB, and the indicated concentration of RecA f ( Supplementary Fig. 5 ) or RecA Cy3 ( Supplementary Fig. 6 ) at room temperature (,23 uC). For optical trapping experiments, reactions were at 37 uC and contained 20 mM Tris(OAc), pH 7.5, 200 mM NaCl, 4 mM Mg(OAc) 2 , 50 mM DTT, 20% sucrose, 2 mM ATPcS, 200 nM SSB and 1 mM RecA, plus (when added) 100 nM RecO, 100 nM RecR and 50 nM RecF. Experiments conducted with ATP or dATP contained 1 mM phosphoenol pyruvate and 20 U ml 21 pyruvate kinase. Images were obtained by taking 20-30 successive 100-ms exposures at the times indicated. During intervals between imaging in TIRF, flow and laser excitation were turned off to preserve the sample and minimize photobleaching; however, flow was turned on 4-5 s before imaging to allow the flow to stabilize.
METHODS
TIRF and single-channel flow cells. An Eclipse TE2000-U, upright TIRF microscope (Nikon), using a CFI Plan Apo TIRF x100, 1.45 numerical aperture, oilimmersed objective was used as previously described 26 . Single-channel flow cells were constructed by drilling holes into a glass microscope slide and adhering a glass coverslip using 3M Thermo-Bond Film (0.635 mm or 2.5 mils (thousandths of an inch)) with a channel cut out from the tape of approximate dimensions of 5 3 35 3 0.1 mm. Inlet ports (PEEK tubing, 0.5 mm inner diameter) were attached to the flow cell using epoxy. The surface was functionalized by incubating the flow cell successively with the following solutions for 5 min each: 1 M NaOH, water, single molecule buffer (SMB: 20 mM MES, pH 6.5, 50 mM dithiothreitol (DTT), 100 mM NaCl and 20% sucrose), 0.2 mg ml 21 biotin-BSA, SMB, 0.2 mg ml 21 streptavidin (Pierce), and 0.15 mg ml 21 Roche blocking reagent. Proteins were diluted into SMB. Bacteriophage l genomic DNA (48.5 kb) was biotinylated by incorporating biotin-dGTP at the 39 ends using T4 polymerase at 16 uC in Buffer 2 (New England Biolabs) for 10 min. The enzyme was inactivated with 20 mM EDTA followed by heat (70 uC for 10 min) and removal of nucleotides with an Illustra Microspin S-400 Column (GE) equilibrated in TE buffer (10 mM TrisOAc, pH 7.5, and 1 mM EDTA). The concentration of DNA was determined by ultraviolet absorbance, with A 260 nm 5 1 taken to be equivalent to 50 ng ml 21 for dsDNA. Single-stranded DNA was generated for single-molecule experiments by denaturing the biotinylated bacteriophage l DNA (200 fmols, molecules) in 5-10 ml of 0.5 M NaOH at 37 uC for 5-10 min. The alkali conditions were rapidly neutralized with the addition of 0.4 ml SMB containing 200 nM SSB AF488 , yielding a final concentration of ,480 nM nucleotides. Assuming a site size of 15 nucleotides per SSB monomer, SSB should be in approximately sixfold excess over possible stoichiometric binding sites. The SSB AF488 -ssDNA complexes were then injected into a flow cell and allowed to incubate for approximately 5 min to allow for the attachment of the biotinylated molecules to the streptavidin-coated glass surface. RecA f filament formation on SSB-ssDNA using TIRF microscopy. SSB AF488 -ssDNA complexes were attached to the functionalized surface of a flow cell as described above and imaged. The solution containing fluorescent SSB AF488 was then replaced with unlabelled wild-type SSB (500 nM) in SMB, resulting in the displacement of SSB AF488 from the ssDNA. When displacement was complete, as monitored by the rapid disappearance of fluorescence, reaction buffer containing 20 mM MES, pH 6.5, 100 mM NaCl (unless otherwise indicated), 50 mM DTT, 4 mM Mg(OAc) 2 , 2 mM ATPcS (unless ATP or dATP as indicated), 200 nM SSB and the indicated concentration of RecA f was injected. Experiments in which Mg(OAc) 2 was titrated ( Fig. 4a, b ) contained 250 nM RecA. Experiments comparing nucleotide cofactors and pH ( Fig. 4c-f ) contained 500 nM RecA. All experiments were performed at 23 uC. Experiments conducted with ATP and dATP also contained 1 mM phosphoenol pyruvate (PEP) and 20 U ml 21 of pyruvate kinase. Furthermore, experiments performed using above 500 nM total RecA contained 250 nM RecA f plus the amount of unmodified RecA necessary to achieve the final concentration indicated; this was done to reduce the extent of background fluorescence. Bulk-phase analyses of RecA filament formation on SSB-coated ssDNA, using the kinetics of ATP hydrolysis 31 , did not demonstrate any discernible difference for mixtures of unmodified RecA and RecA f ( Supplementary Fig. 5 ) (ref. 14) . Between the imaging intervals, flow was shut off to preserve the sample and reduce photobleaching; flow was restored approximately 4-5 s before laser excitation and imaging. Experiments designed to directly visualize bidirectional growth used RecA Cy3 , which retains normal biochemical activity ( Supplementary Fig. 6 ). Image processing and analysis. For each time interval, ,25-35 frames (,2-4 s at 100 ms exposure) were averaged using ImageJ v.1.41o. A theoretical point spread function was generated using the ImageJ plugin Deconvolution Lab, and subsequently deconvolved using the Tikhonov-Miller algorithm 32 . Images collected during a time-lapse experiment were then compiled into a stack, aligned to correct for stage drift and the intensity was normalized. Those stacks were then converted to 3D surface plots using the ImageJ 3D surface plot function, which applies a nearest neighbour smoothing function. Plots were directly compared to fluorescent intensity profiles in ImageJ to more accurately visually analyse clusters of RecA f forming at longer time intervals. Only molecules in which SSB AF448 -ssDNA-complexes initially appeared as distinct single molecules were analysed. Nucleation data were normalized by taking the number of clusters per molecule and dividing by the relative length of the SSB AF448 -ssDNA of that molecule to the longest molecules from that particular experiment. As the length of the SSB AF448 -ssDNA complexes changes with flow-cell variation (which affects flow rate and extension) as well as buffer conditions 14 , this serves as an internal normalization factor for each experiment. Atomic force microscopy imaging of SSB-coated and RecA-coated ssDNA complexes. SSB-coated ssDNA complexes were formed by incubating 35 mM (nucleotides) M13 ssDNA with 1.75 mM SSB for 5-10 min at 37 uC in 20 mM TrisOAc, pH 7.5, 20 mM NaCl, 1 mM Mg(OAc) 2 , 0.5 mM ATPcS, 0.1 mM spermidine-HCl and 7 mM RecA. The nucleoprotein complexes were purified away from free protein using a C-1000 spin column washed with binding buffer, adsorbed onto freshly cleaved mica for 1 min, rinsed with water, stained with 0.02% uranyl acetate and visualized using a Nanoscope IV in tapping mode with an Al-T300 tip (Budget Sensors). Uranyl acetate stain facilitates atomic force microscopy imaging of the SSB-ssDNA complex 33 . ATPase assays for monitoring the kinetics of RecA binding to SSB-coated ssDNA. ATPase assays comparing relative amounts of RecA f and unmodified RecA were performed in 20 mM MES, pH 6.5, 20% sucrose, 50 mM DTT, 100 mM NaCl, 0.2 mg ml 21 NADH, 20 U ml 21 pyruvate kinase and lactate dehydrogenase, 4 mM Mg(OAc) 2, 2 mM ATP, 1 mM phosphoenolpyruvate (PEP), 3 mM M13 ssDNA, 1.5 mM SSB and 1 mM total RecA at the ratio of RecA f :RecA indicated. All assays were performed at 37 uC with a 5-min preincubation of all components except for RecA, which was used to initiate the reaction. The change in absorbance (l 5 340 nm) was converted to mmols ATP using the extinction coefficient for NADH 5 6.22 3 10 23 mM cm 21 . The data were then fit to a second order polynomial (Y 5 A 1 Bx 1 Cx 2 , in which the intercept, A, was constrained to the time at mixing, 0 s). The derivative of the fit was taken and the slope determined to be the change in hydrolysis rate as a function of time, expressed as Dv/Dt (that is, the instantaneous change in the reaction velocity (v) with time (t) in mmol min 22 ), which defines the acceleration of the reaction velocity, and is a measure of RecA filament formation on SSB-ssDNA complexes 31 . Fluorescent modification and activity of RecA Cy3 . RecA Cy3 was made as described previously for RecA f by covalently modifying the amino terminus of the protein with Cy3-succidimyl ester (GE Healthcare) instead of 5,6-carboxyfluorescein-succidimyl ester 7 . The ssDNA binding activity of RecA Cy3 was determined by monitoring the ATP hydrolysis rate of RecA at increasing concentrations of polydeoxythymidylate ssDNA. The ATP hydrolysis rate was calculated from the linear decrease in the absorbance of NADH at 340 nm. The reaction buffer contained 25 mM TrisOAc, pH 7.5, 8 mM Mg(OAc) 2 , 1 mM ATP, 1.5 mM PEP, 1 mM DTT, 30 U ml 21 pyruvate kinase, 20 U ml 21 lactate dehydrogenase and 2 mg ml 21 NADH at 37 uC. Preparation of the gapped ssDNA substrate for the single-molecule studies. An engineered derivative of bacteriophage lgt11, containing a wC31 attP recognition site, was created as follows. An EcoRI fragment derived from pDHJS AN1 (ref. 34 ) containing a kanamycin-resistance cassette and the wC31 attP recognition site was ligated into EcoRI-digested bacteriophage lgt11 DNA. The attP-containing derivative of bacteriophage lgt11 is hereafter called bacteriophage lKytos. A modified derivative of bacteriophage M13mp7 ssDNA contained the attB recognition site, from which a 500 base pair dsDNA containing the wC31 attB at its centre was generated by PCR using Phusion High-Fidelity PCR Master Mix from New England Biolabs. After heat denaturation, it was annealed to the M13mp7 ssDNA derivative. Integration of the ssDNA plasmid into lKytos dsDNA resulted in a gapped DNA substrate ( Supplementary Fig. 4c ). wC31 integrase was used to recombine lKytos dsDNA and the annealed 13mp7 ssDNA containing the attB recognition site. The construct pHS62, containing the full coding sequence of wC31 integrase, was provided by M. Smith 35 . Biotin was incorporated into the cos sites of lKytos in a reaction consisting of 10 mM Tris-HCl, pH 7.9, 10 mM MgCl 2 , 50 mM NaCl, 1 mM DTT, 33 mM dATP, 33 mM dTTP, 3 3 mM dCTP, 33 mM biotin-dGTP, 17 ng ml 21 lKytos and 0.17 U ml 21 Klenow exo2 DNA polymerase. After 15 min at 22 uC, the polymerase was heat inactivated at 70 uC for 20 min. Epifluorescence microscopy, optical trapping and multi-channel flow cells. Infrared optical trapping capability was achieved on the same TE-2000-U microscope (Nikon) used for the TIRF-based assay with the addition of a polarizer (Newport) to split the beam, generating two traps and a steering mirror (Newport) to control the x-y position of one of the beams 26 . Excitation of the sample in epifluorescence mode was achieved using a cyan 488 nm laser (Picarro) by adjusting the angle of the laser to pass completely through the sample chamber (not in TIRF mode). The fluorescence emission was directed through a polychroic mirror (515/30 nm and 600/40 nm, Chroma). Images were captured on a DU-897E iXon CCD camera (Andor). Channels were laser etched into glass slides (25 3 75 3 1 mm, Fisher Scientific) covered with an adhesive abrasive blasting mask (Rayzist Photomask) using a 30 W mini-24 laser engraver (Epilog Lasers). The slides were sandblasted using 220-grit silicon carbide (Electro Abrasives) to remove residual laser-ablated glass from the channels, resulting in channels ,100-150 mm deep. Holes were drilled using a diamond-bit Dremel tool, washed with 2% Hellmanex and rinsed with water and methanol. The cover glass (24 3 60 mm, Corning no. 1) was cleaned in 1 M potassium hydroxide dissolved in 100% methanol with sonication for 1 h, rinsed with water and methanol and dried. The cleaned cover glass was attached to the etched microscope slide with ultraviolet optical adhesive 74 (Norland Products) applied through capillary action on a 45 uC heat block. The adhesive was cured by placing the flow cell LETTER RESEARCH
